I. INTRODUCTION
High energy resolution ion distribution measurements of bulk and fast ions in the low energy range are measured in MST plasmas. Fast neutrals are born in a plasma due to chargeexchange between the plasma ions and the residual neutral particles. These charge-exchange neutrals, still containing information about plasma ions, can escape the magnetic confinement. 1 To infer information about the ions and their distribution, neutral particle analyzers (NPA) convert collimated beams of neutrals into ions using a stripping cell. These secondary ions are directed according to their energy and mass into detectors with electric and magnetic fields. Ion distribution measurements are useful because they can diagnose the bulk ion temperature, the power lost due to charge-exchange and the effects of ion energization, all of which are important for understanding particle transport and confinement in magnetically confined plasma.
There are many types of neutral particle anaylzers designed for different plasma parameters and regimes. A review of charge-exchange neutral particle analyzers on magnetic confinement fusion devices can be found in Ref. 2. Compact neutral particle analyzers (CNPA) were first developed at the Ioffe Physical-Technical Institute of the Russian Academy of Sciences 3 and have been in use at many different facilities for their small size and high energy resolution capabilities. [4] [5] [6] [7] The Florida A&M University CNPA was first used to measure ion distributions in hydrogen, spheromak plasmas 8 on the Sustained Spheromak Physics Experiment, with ion temperatures in the range of 100-250 eV. 4 The diagnostic was upgraded and calibrated for MST's deuterium plasmas, which can have ion temperatures greater than 1 keV. 9 The ion distribution was first measured in MST plasmas by a five channel charge-exchange analyzer (0.25-3.5 keV) (Ref. 10 ) and a non-Maxwellian tail (of fast ions) was measured prior to the peak of global magnetic reconnection events (sawtooth crashes). After the CNPA was installed on MST, the fast ion tail was measured with higher energy resolution. 11 An advanced neutral particle analyzer 12,13 (10 channels each of helium and deuterium, 10-45 keV, 2-4 keV energy resolution) has since made measurements of the fast ion distribution in MST discharges featuring 1 MW neutral beam injection.
14 Magnetic reconnection was shown to drive ion energization of these injected ions. Although the fast ion tail had been measured, the influence of different plasma parameters had on it had not yet been studied in detail.
Results of interest include the dependence of the distribution on various plasma parameters, the power loss due to charge-exchange, and energization of the fast ion tail (due to changes in magnetic energy, global magnetic modes, and poloidal electric fields).
II. APPARATUS AND EXPERIMENT
MST is a toroidal confinement device that operates primarily as a reversed-field pinch. Plasmas are created in an aluminum torus with a major radius of 1.5 m (R 0 ), a minor radius of 0.52 m (a), and a thickness of 0.05 m. 10, 15, 17 The torus acts as the vacuum vessel, the conducting shell and the toroidal field winding (single turn). Discharges can have plasma currents from 200 to 600 kA and electron densities on the order of $10 13 cm
À3
. 15 MST discharges are typically deuterium plasmas lasting $70 ms with ion energies up to 40 keV (using neutral beam injection, NBI). 12 To make measurements on MST, the CNPA needed to be upgraded and calibrated for deuterium with ion temperatures between 0.1 and 2 keV. This consisted of increasing the instruments detection energies, adapting the diagnostic to detect deuterium and increasing the time gate of the measurements. To increase the energy range and detect deuterium, the magnetic gap and detector array had to be modified. The two-dimensional non-uniform magnet gap is spatially designed to provide focusing of the ions into the detectors. Thicker permanent magnets were installed, increasing the magnetic field at the magnetic gap by a factor of 3.3. The distance between the array and the central plane of the magnetic gap was increased by a factor of 2. The detectors were then adjusted to provide an energy range of 0.34-5.2 keV. To increase the duration of the measurement, the inlet and outlet slits of the gas stripping cell were decreased from 2 to 1 mm to increase the confinement time of the gas in the cell. The duration of the measurement was increased to $70 ms with a maximum data rate of 20 kHz.
With the large number of channels and broad energy range, measurements of the bulk ion distribution with a fast ion tail and an approximate effective ion temperature for different parts of the plasma along the line-of-sight can be made. The CNPA has a radial view of MST plasmas and is located at 330 toroidal and 15 poloidal, shown in Fig. 1 .
A. Initial measurements
During the initial measurements of the CNPA at MST, it was found that a strong signal was detected without gas being puffed into the stripping cell. Stray ions were being detected by the CNPA because the stochastic magnetic fields in typical plasma discharges drive particle transport toward the edge, 18 where some escape confinement. Two 4 inch "U"-shaped magnets were installed above and below the vacuum line between the CNPA and MST to deflect incoming ions from entering the CNPA. The signal before any alterations to CNPA's flight tube is shown in black in Fig. 2 . After the magnets were installed, the magnetic field lines produced by both magnets altered the ion trajectories so that the signal from them was significantly reduced, shown in red, in Fig. 2 . The blue trace in Fig. 2 , the signal with the magnets in place and gas being puffed into the stripping cell, is, then, the most accurate signal without noise from stray ions.
After the initial measurements were done, error from random electronic noise and UV light was calculated. The electronic noise was calculated from the r.m.s. of the signal, while the CNPA was closed off to MST during a shot. The UV noise was calculated from the r.m.s. of the signal, while the CNPA was opened to MST during a shot without gas puffing. The total signal due to these sources is two orders of magnitude less than the signal during plasma shots, while puffing gas into the stripping cell.
The experimental neutral flux, C(E), is related to the ion distribution, f i , in the time interval Dt by
where E is the energy per channel, r cx is the charge-exchange cross section, n a (x) is the neutral profile, and C(E) is given by
Here, N(E) is the counts per energy channel, DE is the width of the energy channel, a(E) is the efficiency of each channel, p str is the stripping pressure, and AX is the etendue of the detector [ster cm . 16 The energy resolution (between 7.0% and 15.9%) and detection efficiency was measured during the calibration of the CNPA at the Ioffe Physical-Technical Institute. 16 A typical plasma discharge with plasma current and the average toroidal magnetic field, hB T i, is shown in Fig. 3 , along with two CNPA parameters: stripping cell pressure and the detected counts from the 17th detector (2.75 keV) in the array. The data show sawteeth-like structure in the hB T i and in CNPA signals. 17 These sawteeth events correspond to reconnection events, where magnetic flux is generated and ions are non-collisionally heated. 19 The analysis of all diagnostic measurements is best during the flat top segment (approximately 15 to 35 ms) of the discharge, highlighted in Fig. 3 , where any evolution is not correlated to ramping or decay of plasma current. The ion distributions during a plasma discharge are shown in Fig. 4 .
III. DATA ANALYSIS
As shown in Fig. 4 , the ion distribution evolves throughout the plasma discharge. The inferred ion distribution is affected by charge-exchange and ion energization. The evolution is dictated mainly by the plasma parameters: electron density, plasma current, and F ¼ hB T i=B T ðaÞ, where B T (a) is the toroidal magnetic field at the wall. Subsections III A-III C present how changes in plasma parameters influence the distribution of ions, power losses due to chargeexchange and ion energization. All ion distributions shown are statistically ensembled about the plasma parameters specified to within 10% of the stated value.
A. Ion distributions with respect to plasma parameters
Statistically ensembled ion distributions during plasma parameter scans are shown in Fig. 5 . During the plasma current scan (Fig. 5(a) ), the current was increased in increments of 100 kA (at n e $ 0.7 Â 10 13 cm
À3
). As the plasma current is increased, the fast ion tail increases and the bulk part of the distribution (< 1 keV) remains fairly constant. The lower plasma currents (200, 300 kA) show large error bars in the fast ion tail, near the noise threshold due to lack of counts. The lower bulk distribution in the 500 kA case may be due to a slightly lower electron density than the other ensembles because, as the electron density is increased, (Fig. 5(b) ) the ion distribution decreases across the entire energy spectrum. This is because the charge-exchange cross section is linearly dependent on electron density but non-linearly dependent on temperature. In MST, as electron density increases the temperature decreases and there is less charge-exchange. As the toroidal field amplitude at the wall decreases (and F increases toward zero), the ion distribution decreases across the entire energy spectrum (Fig. 5(c) ). When the parameter F ¼ 0, the poloidal number m ¼ 0 perturbation no longer couples with m ¼ 1, n ¼ 5, 6, 7 magnetic modes (poloidal and toroidal magnetic numbers, respectively) and global reconnection is suppressed. 19 Since there are no global reconnection events, the overall temperature is relatively lower, charge-exchange is decreased and the distributions decrease.
B. Power losses due to charge-exchange
The power lost due to charge-exchange is a function of particle transport and can affect plasma confinement. 21 It was previously measured that the losses were relatively insignificant, 10 but it was not known if the significance changes throughout the discharge. The ratio of power loss from charge exchange to Ohmic heating during a typical 400 kA, F ¼ À0.2 plasma discharge is shown in Fig. 6 . Power due to Ohmic heating is given by
where g is the resistivity, J k is the parallel plasma current, V p,t are the poloidal and toroidal voltages, I p,t the poloidal and toroidal plasma current, and DU mag is the change in magnetic energy. 20 The power loss due to charge-exchange is given by
The power loss due to charge-exchange throughout the shot is insignificant, agreeing with previous measurements. The two spikes, seen in the percentage ratio, occur because of dramatic changes in the measured Ohmic heating. This percentage never becomes a large fraction regardless of plasma parameters.
C. Ion energization
During sawtooth crashes in MST plasmas, global magnetic reconnection redistributes energy and particles throughout the plasma. The associated magnetic modes (m ¼ 0; m ¼ 1, n ¼ 5, 6) are shown, along with plasma parameters in   FIG. 4 . Contour plot of ion distributions during a 500 kA, F ¼ À0.2, n e ¼ 0.8 Â 10
13 cm À3 plasma discharge.
FIG.
3. An example of a 400 kA, F ¼ À0.2, n e ¼ 0.5 Â 10 13 cm À3 plasma discharge. Plasma parameters: (a) plasma current and (b) average toroidal magnetic field, hB T i. CNPA parameters: (c) gas pressure in the stripping cell and (d) neutral flux counts from the 8th detector (0.99 keV). The flat top of the plasma current is highlighted. Fig. 7 during a discharge. The peaks in high CNPA energy channels (>1 keV) correspond to m ¼ 0 activity. Figure 8 shows three different distribution measurements around an ensembled sawtooth crash. Approximately 1.5 ms before the crash, the plasma is close to equilibrium and there is a non-Maxwellian tail. Right at the crash, the fast ion tail decreases slightly before being energized at $200 ls after the crash. This indicates that during the crash, there is a lack of particles available at certain pitch angles to be scattered.
With an increase in plasma current, the poloidal electric field (as approximated by the voltage at the toroidal gap, VTG), 22 change in magnetic energy and strength of the global magnetic mode (m ¼ 0) during the crash increases. Figure 9 plots these parameters with the change in the percent ratio between the flux of the fast ion population (>1 keV) to the entire distribution, D(C fi /C)%. While the strength of the m ¼ 0 mode increases $5 times during the plasma current scan, the change in magnetic energy and VTG increases $10 times. During the 200 kA cases, the percent ratio change is $0.001%, but at the 500 kA cases, the percent ratio change is $1.0%, showing that this percent ratio changes 1000 times, while the plasma parameters only change between 5 and 10 times. In contrast, it is also shown in Fig. 9 that a change in electron density by $20% does not affect the percent ratio. This suggests that the strength of the global magnetic mode and how it affects the change in magnetic energy is very important to ion transport. 
IV. SUMMARY
Measurements of low energy ion distributions have been made on the Madison Symmetric Torus reversed-field pinch. The newly modified analyzer has been used on a wide variety of plasmas and has performed to its full capability in most situations, though at low current, the counts are too low to make any significant conclusion about the fast ion tail. The CNPA provides advantages over the previous chargeexchange analyzers on MST because of it high energy resolution and usefulness during the entire discharge.
Measurements of inferred ion distributions have been made, while scanning the integral plasma parameters: plasma current, electron density, and F (toroidal field at the wall). Increasing the plasma current increases the non-Maxwellian part of the tail. Increasing the electron density and lowering the amplitude of the toroidal magnetic field near the wall decreases the entire distribution. These results all correlate to the ion temperature, i.e., increasing the plasma current increases the temperature of the plasma, just as increasing the electron density and decreasing the field at the wall decreases the temperature of the plasma. The change in distributions does not affect the power lost due to charge-exchange throughout the discharge. It continues to be minimal unless there is a sudden drop in the Ohmic heating measurement.
During sawtooth oscillations in MST discharges, global magnetic reconnection occurs causing ion energization that is detected by the changes in the ion distribution. These m ¼ 0 magnetic mode bursts correlate to peaks in the fast ion tail. As the plasma current is increased, VTG, the magnetic energy released and the m ¼ 0 global mode all increase in amplitude, causing the population of fast ions to increase. These measurements suggest that the global magnetic mode plays a part in reducing magnetic energy, and increasing the fast ion population, though the mechanism is still unclear as to how the magnetic energy is converted to kinetic energy.
